Recovery from timber harvest is widespread across North America but few studies have 21 evaluated long-term stream responses to riparian harvest. We revisit five stream reach pairs 22 where in 1976, periphyton chlorophyll a, predatory invertebrate biomass, and cutthroat trout 23 biomass were elevated in reaches where canopies were more open following timber harvest. 24
One of the earliest and most widely cited studies evaluating the influences of riparian 90 harvest on fish populations is which documented greater summertime 91 periphyton stocks, predatory invertebrate biomass, and coastal cutthroat trout (Oncorhynchus 92 clarkii clarkii) biomass in stream reaches adjacent to small patch clear-cuts (4-20 ha) relative to 93 upstream reference reaches. This result was observed despite removal of large wood and reduced 94 pool area in harvested reaches. Given an increase in trout biomass concurrent with reduced large 95 wood and percent pool area in harvested reaches, concluded that 96 changes trout biomass were likely attributed to greater primary production leading to increased 97 invertebrate prey availability. These findings along with other Pacific Northwest studies (e.g. 98
Aho 1976, ) were used to help develop 99 early conceptual models of the temporal responses of resident salmonids following riparian 100 harvest Swanson 1984, Gregory et al. 1987 ). These models suggest that fish biomass 101 will be elevated for 10-20 years after harvest, but that biomass will return to pre-harvest 102 conditions within 40 years. The potential for biomass levels to fall below pre-harvest conditions 103 D r a f t 6 are included if/when second-growth forests had lower light levels than pre-harvest conditions. 104
Updates of this conceptual framework also ascribe high importance to stream light as a potential 105 driver of long-term trends in salmonid abundance in headwater streams (Mellina and Hinch 106 2009), but acknowledge the potential for substantial variation in long-term stand development 107 trajectories that may affect changes in canopy cover ). To date, empirical 108 support for the long-term trends is limited, especially on streams where the initial responses to 109 harvest have been quantified. 110
In this study, we revisited five of the six fish-bearing stream reach pairs originally 111 surveyed by to determine how stream conditions, benthic biofilms, 112 invertebrate predators, and ultimately resident coastal cutthroat trout have responded to nearly 113 four decades of riparian forest regeneration. Using the upstream reference reaches identified by 114 Murphy (1979) , which were bordered by old-growth riparian forests, this design is similar to a 115 before-after control-impact study with riparian regeneration as the treatment. Given the 116 conclusions from and the importance of light in both historic and 117 contemporary conceptual models of the relationships between stand regeneration, we 118 hypothesized that canopy closure associated with stand regeneration would correspond with 119 declines in chlorophyll a standing stocks, predatory invertebrate biomass, and cutthroat trout 120
biomass. These long-term responses have important implications for stream function across 121
North America where riparian forest recovery is an ongoing and widespread process (Richardson 122 et al. 2012 substrates. Before forest management began in the HJA in the 1950's and 60's, the area was 131 dominated by a mix of old-growth (dominant trees >400 years of age) and mature (100-150 years 132 old) forests. Today, the HJA remains dominated by late-succession/old-growth forests but 133 patches of younger forest occur regularly in the system reflecting the legacy of past experimental 134 forest management. This patchy forest management within the larger basin created areas where a 135 single stream could have some sections that were heavily impacted by logging and others that 136 were largely unaffected. In this study, we assessed stand regeneration effects on established 137 reach pairs that utilized this patchy management history. Each reach pair in a stream consisted 138 of a stream reach bordered by old-growth riparian forest (hereafter referred to as old-growth 139 reaches) and a reach bordered by previously harvested, and currently regenerating riparian forest 140 (hereafter referred to as previously harvested reaches). Streamside harvesting of the relatively 141 small patch clear-cuts (4-20 ha) evaluated in this study occurred between 1953 and 1965 ( Detailed explanations of where previous reach pair study sites were established are 158 provided in the appendix of the thesis of M. Murphy (1979) , and we were therefore able to 159 identify the locations of both impacted and reference reaches used in the initial surveys. In the 160 initial study , six fish-bearing paired reaches were surveyed. We could 161 no longer access one of these streams due to road closures. The reaches surveyed in Murphy and 162 were 30 m -50 m in length except for Mack Creek, which had study reach 200 m in 163 length. We increased reach lengths in the 2014 study to a minimum of 10 times bankfull width 164 (range 90 -200 m; Table 1) to encompass a wider variety of habitats and account for more 165 spatial variability in fish abundance and biomass. However, lengthening the reaches slightly 166 altered current assessment relative to the initial study. To evaluate whether the use of longer 167 reaches affected the outcome of the stand-regeneration analysis relative to the previous surveys 168 at these sites, we subdivided each individual reach into two sections: (1) a 30-40 m reach that 169 corresponded directly to the reach surveyed in , and (2) the additional 170 stream section (ranging from 50 to 70 m). Results from the shorter (30-40 m) reaches were 171 D r a f t similar to results from the entire reach which included the shorter reaches. More specifically, the 172 ratios between the harvested reach and the old-growth reach in each reach pair were similar 173 between the shorter reaches and the full reaches, and in every case, the ratio did not affect which 174 reach had greater trout biomass (i.e. if the ratio was greater than one for the longer reach, it was 175 also greater than one for the shorter survey). Because longer reaches encompass more habitat 176 units and align more with contemporary survey methods, we present results from the full survey 177 
Field Sampling 184
We collected data on a suite of abiotic and biotic variables that matched those assessed 185 by Hereafter, we refer to the sampling by as "1976 surveys". In the 189 summer of 2014 sampling also occurred during summer low-flow conditions. Physical habitat 190 variables included canopy cover, bankfull width, wetted width, pool area, large wood abundance 191 and volume, mean daily mean temperature, and stream gradient. Canopy cover was quantified in 192 this study using a spherical densitometer with measurements taken in each cardinal direction (n= 193 4) at 11 locations in each reach. focus on the change in ratios between reference and regenerated sites over time (rather than 198 comparing the change in reference over time to the change in regenerated sites over time). 199
Bankfull and wetted width were measured at regularly spaced intervals, and reach area (for 200 subsequent percent pool area, and per unit area standardization of invertebrate, fish assessments) 201 were calculated as reach length multiplied by mean wetted width. We followed the methods of Periphyton chlorophyll a (here after chl a) accrual was quantified in the current study on 219 15 x 15 cm ceramic tiles (225 cm 2 ) deployed in July and incubated for 6 weeks in riffle sections 220 of the stream (n=10 per reach). Ten tiles were placed in the stream thalweg at regular intervals 221 along each study reach. Tiles were scraped using a wire brush in the field and slurries containing 222 periphyton and stream water for each tile were placed in a cooler and brought back to the lab. 223
Samples were vacuum filtered using Whatman 47 mm GF/F glass fiber filters and filters were 224 frozen for 24 to 48 hours prior to extraction of chl a with 15 mL of 90% acetone. Samples were 225 stored in the dark for 2 to 4 hours, brought to room temperature, and shaken twice prior to 226 measurements. Chl a concentrations were assessed using fluorometric methods and phaeophytin 227 correction outlined in EPA method 445.0 (Arar and Collins 1997), however samples were not 228 centrifuged prior to analysis (Turner Designs Chlorophyll Application Guide, p. 4). Chl a accrual 229 on tiles was also quantified by but they deployed two ceramic tiles for 230 approximately 4 weeks and analyzed chl a concentration using methods outlined in Wetzel and 231 Westlake (1969). We increased sample sizes in this study to provide a more rigorous 232 quantification of differences in periphyton accrual on tiles between reaches in a pair that 233 accounts for potential variability in local periphyton standing stocks. Substrate within the surber sample quadrate was disturbed to a depth of 10 cm for approximately 242 30 seconds. Samples were stored in 90% alcohol until processing. In the laboratory, the contents 243 of each of the six surber samples from each reach were combined into a single pooled sample. 244
This pooled sample was then subsampled using a plankton splitter until a minimum of 500 245 individuals were picked from the subsample. picked predatory 246
invertebrates from their samples in the field, which clearly biases the final sample composition 247 toward large bodied individuals. We therefore conducted a 60 second visual search of the 248 remaining sample (less the subsample) to collect large bodied individuals and more effectively 249 match the initial study. Invertebrates were identified to Family or Genus (Merritt et al. 2008 ) and 250 individually measured using an ocular micrometer mounted on a dissecting microscope. to a before-after-control-impact (BACI) study. This design has been commonly used to assess 286 the short-term impacts of riparian harvest (and other large-scale perturbations) on an ecosystem 287 using a control or reference reach and a treatment reach with data collected before and after a 288 treatment (Stewart-Oaten et al. 1986). In this study, the periphyton chl a (with one exception), predatory invertebrate biomass, and cutthroat trout 315 biomass were greater in the harvested reach of each reach pair ( Fig. 2C-2F ). After nearly four 316 decades of riparian regeneration, the ratios (previously harvested: old-growth) of percent pool 317 area and large wood volume largely persisted while the ratios of canopy openness, chl a, 318 predatory invertebrate biomass and cutthroat trout biomass decreased, indicating a relative 319 decline of the latter metrics in previously harvested reaches relative to paired old-growth reaches 320 (Fig. 3) . 321
In 1976, percent pool area in harvested reaches averaged 0.71 times (95% CI: 0.50-1.00; 322 back-transformed from log ratio estimates) that of associated upstream old-growth reaches (one-323 way t-test of natural log ratios; T(df = 4) = -2.79; p = 0.049). In 2014, percent pool area was still 324 lower in previously harvested reaches and averaged 0.85 times (95% CI: 0.54 -1.33) that of old-325 growth reaches, although these differences were no longer significant (T(4) = -1.02, p = 0.363). 326
In 1976, large wood, which had been removed during harvesting operations, was substantially 327 lower in the harvested reach of each pair and averaged only 6% (95% CI: 1% -81%) of wood 1976 and 2014 were evaluated using log-ratios (Fig. 3) . The mean log-ratios of percent pool area 357 While the mean log-ratio of cutthroat trout biomass was substantially lower in 2014 compared to 363 1976, the mean difference in log-ratios was not significant at α = 0.05 (95% CI: -0.04 -1.36; 364 T(4) = 2.62; p = 0.059). 365
Although on average across the five reach pairs, forest regeneration resulted in a decline 366 in canopy openness, chl a, predatory invertebrate biomass and ultimately cutthroat trout biomass, 367 this result was not universal. In 2014, canopy openness was still substantially greater in the 368 previously harvested reach of LO703 relative to the old-growth reach (54% vs 34%) despite four 369 decades of stand regeneration. While the canopy did not close over this time interval as we 370 expected, the lack of canopy closure at this site was fortuitous in that is allowed us to more 371 explicitly evaluate the role of light regulating bottom-up controls on stream biota. In 1976, 372 canopy openness, chl a, and cutthroat trout biomass in L703 were greater in the harvested reach 373 (predatory invertebrates were not collected at this site during initial surveys). In 2014, contrary to 374 expectations, mean chl a and predatory invertebrate biomass were relatively similar between the 375 D r a f t previously harvested and old-growth reaches. However, consistent with expectations, cutthroat 376 trout biomass remained greater in the previously harvested reach relative to the more shaded old-377 growth reach (8.01 vs 5.13 g/m 2 ). 378
We Fig. A1 ). Estimates of salamander biomass were similar between the 381 harvested reach and the old-growth reach for MR404, Mack Creek and LO701. In Cook Creek, 382
where estimates of canopy openness and cutthroat trout biomass were lower in the harvested 383 reach, salamander biomass was just over half the estimated biomass in the old-growth reach 384 (4.41 vs 8.1 g·m -2 ). In LO703, estimated salamander biomass was substantially greater in the 385 harvested reach compared to the old-growth reach (14.95 vs 9.82 g·m -2 ) -a result that is also 386 consistent with canopy openness and trout biomass. 387
388

Discussion 389
After nearly four decades of riparian regeneration, mean canopy openness, chlorophyll a, 390 predatory invertebrate biomass and cutthroat trout biomass declined in harvested reaches relative 391 to paired old-growth reference reaches, which provides empirical data supporting conceptual 392 models of stream abiotic and biotic responses to riparian stand regeneration over time in forested 393 ecosystems. In the sites evaluated in this study, mean chl a, predatory invertebrate biomass, and 394 
Mellina and Hinch 2009, Warren et al. 2016). 410
In contrast to our expectations, trout biomass remained substantially greater in the 411 previously harvested reach relative to the reference, old-growth reach at site LO703. While the 412 trend at this site did not fit the classic hypothesized trajectory of biomass over time (e.g. reduced 413 biomass), this result ultimately provides support for the importance of light as a driver of trout 414 biomass in these forested headwater streams. The LO703 site experienced little change in canopy 415 cover from 1976 to 2014 with greater canopy openness in the previously harvested reach during 416 both survey periods. Therefore, the absence of a relative decline in trout biomass following stand 417 regeneration from 1976 to 2014 is consistent with the hypothesized mechanism of changes in 418 canopy cover exerting controls on consumers through bottom-up processes. However, in 2014, 419 chl a and the biomass of predatory invertebrates were similar between reaches within this pair 420 despite differences in canopy cover. We speculate that the similarity in chl a may be attributed to While this initially appears to contrast with hypothesized trajectories associated with stand 469 recovery and canopy closure, both riparian thinning and habitat restoration occurred in this 470 stream between the second and third sampling events, which confound interpretation of habitat 471 changes alone as the mechanism driving long-term recovery trends ). 472
Our current study along with the two earlier long-term studies and the studies quantifying we suggest six dominant alternative trajectories a resident trout population may follow after 493 riparian harvest (Fig. 4) . The set of six alternative trajectories is not exhaustive but demonstrates 494 the complexity of potential resident salmonid responses based on food web and habitat impacts 495 associated with riparian harvest. Greater detail on each trajectory is provided in Appendix B. 496
In light-limited systems that exhibit trajectories similar to those observed in this study 497 (Fig. 4 -trajectory 1) , the timing of canopy closure and duration of a closed canopy will 498 ultimately influence long-term responses to timber harvest and subsequent regeneration. If 499 canopies close quickly (<20 years) and are followed by a long period (>50 years) of low light 500 associated with stands in the mid-seral stages of stand development, harvesting may result in a 501 net reduction in benthic biofilms, aquatic macroinvertebrates and total trout biomass over 502 decadal time scales, even if an initial increase in biomass was observed in the years shortly after 503 canopy removal. In Douglas-fir dominated regions of the Pacific Northwest, canopy closure over 504 headwater streams typically occurs within 30 years after riparian harvest and canopies remain 505 more closed than pre-harvest, old-growth conditions from 30-100 years ). This 506 has important implications considering riparian harvest has been advocated as a potential tool for 507 increasing fish productivity in Pacific Northwest streams (Newton and Ice 2015) with relatively 508 little consideration of long-term responses and alternative trajectories. 509
Broadly, this study highlights that changes in stream light availability over time, whether 510 associated with forest recovery or in response to other riparian forest changes, can influence 511 consumers through bottom-up pathways in forested headwater streams. Riparian forest recovery 512 from historic harvest is a widespread process that affects light availability in forested streams 
